The sepsis caused by Vibrio vulnificus is characterized by an average incubation period of 26 h and a high mortality rate exceeding 50%. The fast growth and dissemination of V. vulnificus in vivo lead to poor clinical outcomes in patients. Therefore, elucidation of the proliferation mechanisms of this organism in vivo may lead to the development of an effective therapeutic strategy. In this study, we focused on the low oxygen concentration in the intestinal milieu because of its drastic difference from that in air. Fumarate and nitrate reduction regulatory protein (FNR) is known to be a global transcriptional regulator for adaptation to anaerobic conditions in various bacteria. We generated a strain of V. vulnificus in which the fnr gene was replaced with an erythromycin resistance gene (fnr::erm mutant). When the fnr::erm mutant was tested in a growth competition assay against the wild-type (WT) in vivo, the competitive index of fnr::erm mutant to WT in the intestinal loop and liver was 0.378 ± 0.192 (mean ± SD) and 0.243 ± 0.123, respectively. These data suggested that FNR is important for the proliferation of V. vulnificus in the intestine to achieve a critical mass to be able to invade the systemic circulation.
INTRODUCTION
Vibrio vulnificus is a Gram-negative halophilic bacterium that causes severe sepsis in humans after ingestion of seafoods or direct exposure of a wound to seawater (Haq and Dayal 2005; Froelich and Oliver 2013) . Median duration from hospitalization to death in humans infected with V. vulnificus was only 38 h (Haq and Dayal 2005) .
After ingestion, V. vulnificus reaches the intestinal tract and then disseminates to further organs. In our previous study, we found that significantly higher numbers of V. vulnificus were detected from the intestines of dead mice than from those of the surviving mice (Kashimoto et al. 2015) . Thus intestinal proliferation of V. vulnificus is the initial critical event for lethal sepsis in oral infection. In the intestine, V. vulnificus increased its gene expression of the nitrate reductase component (NapD), which is involved in the electron transport system to synthesize ATP under anaerobic conditions (Kim et al. 2013) , and decreased wza, wzb and wzc, which are involved in the formation of capsular polysaccharide outside the cell (Phippen and Oliver 2015) . These findings suggest that V. vulnificus changes its pattern of gene expression when exposed to the low oxygen environment in the intestine.
In many bacterial species, oxygen tension serves as an important environmental signal to trigger adaptive changes between anaerobic and aerobic respiration. The adaptive mechanisms of Escherichia coli are well studied. A low oxygen environment induces the synthesis of a number of enzymes to carry out anaerobic respiration (Tseng, Albrecht and Gunsalus 1996; Salmon et al. 2003; Stewart et al. 2009; Bueno et al. 2012) .
The alteration of gene expression to facilitate changes in energy metabolism is achieved by fumarate and nitrate reduction regulatory protein (FNR), a global transcriptional regulator under anaerobic or microaerobic conditions (Kang et al. 2005; Tolla and Savageau 2011) . FNR upregulates the gene expression of enzymes that utilize alternative electron acceptors, such as nitrate, fumarate, etc., or that promote fermentation under anaerobic conditions (Green et al. 1996; Browning and Busby 2004; Kang et al. 2005) . It was also reported that fnr upregulates the gene expression of virulence factors, i.e. cytolysin A of E. coli (Westermark et al. 2000) , non-hemolytic enterotoxin of Bacillus cereus (Zigha et al. 2007) , and the T3SS needles of Shigella flexneri (Marteyn et al. 2010) . We found that the FNR homolog of E. coli is conserved in V. vulnificus. In terms of the ATP synthesis in an anaerobic environment, the FNR of V. vulnificus appears to be necessary for its proliferation in the intestine. However, the role of V. vulnificus FNR in intestine has not been clarified to date. The purpose of this study was to investigate whether the FNR was required for the proliferation of V. vulnificus in the early stage of infection or not; we generated an fnr deletion mutant of V. vulnificus and investigated the effect on the proliferation of V. vulnificus in the mouse intestine. Our results showed that FNR plays an important role in the proliferation of V. vulnificus in the mouse intestine.
MATERIALS AND METHODS

Generation of FNR deletion mutant
The fnr::erm mutant was generated based on V. vulnificus MO6-24/O (obtained from the South Korea Chonnam National University Medical School Department of Microbiology) by homologous recombination. The primers used in this study are listed in Table 1 . First, 1000-base upstream and 1000-base downstream regions of fnr were amplified by PCR (Table 1) and ligated in pGEM-T Easy (Promega Corp., Madison, WI). An amplicon of erm was ligated to an internal position between the upstream and downstream sequences in this plasmid. This insert was restricted by BamHI and PstI, and was ligated to pYAK1, which is the suicide vector containing the sacB gene and chloramphenicol resistance gene. The ligated pYAK1 plasmid was transformed into E.coli S17-1 λpir (Biomedal, S.L., Sevilla, Spain) by electroporation. The transformed S17-1 λpir was selected by an LB agar plate containing 10 μg mL −1 of chloramphenicol, and conjugated with V. vulnificus MO6-24/O on a nitrocellulose membrane filter Hybond-C Extra (Amersham Biosciences, UK) on M9 agar (0.6 g Na 2 HPO 4 , 0.3 g KH 2 PO 4 , 0.05 g NaCl, 0.1 g NH 4 Cl, 1 mM MgSO 4 , 1.12 mM glucose, 0.001% thiamine, 0.1 mM CaCl 2 , 1.5 g agar, 100 mL distilled water) overnight. The bacteria were collected from the nitrocellulose membrane with 1 mL of LB broth, and 100 mL of the bacteria was plated onto a thiosulfate citrate bile salts sucrose (TCBS) agar plate containing 5 μg mL −1 of chloramphenicol to screen for V. vulnificus mutants.
The selected bacteria were cultured in SHI broth (heart infusion broth containing 1.5% sodium chloride) containing 20% sucrose. The subcultured bacteria were plated onto TCBS agar. An fnr::erm mutant was screened by colony direct PCR (upstream primer Fw/BamHI and downstream primer Rev/PstI). The amplicon of fnr::erm mutant was 243 bases longer than the amplicon of the wild-type (WT).
Generation of strain in which β-lactamase was replaced with erm
A strain in which β-lactamase was replaced with erm (WT-Em R )
was generated as described above (Table 1) . Amplicons amplified by these primers were ligated into pYAK-1 by In-Fusion R HD Cloning Kit (Takara Bio, CA, USA).
Complementation of fnr
The fnr gene was amplified by PCR (Table 1) , and the amplicon was ligated to pGEM-T Easy. The insert was digested by BamHI and XhoI, and was ligated to downstream of chloramphenicol acetyltransferase promoter in pEco102, which contained a chloramphenicol resistance gene. This plasmid was transformed into S17-1 λpir by electroporation. The transformed S17-1 λpir was selected by a Luria-Bertani (LB) agar plate containing 10 μg mL −1 of chloramphenicol, and conjugated with V. vulnificus MO6-24/O on a nitrocellulose membrane filter on M9 agar overnight. The bacteria were collected from the nitrocellulose membrane with 1 mL of LB broth, and 100 μL was plated onto a TCBS agar plate containing 5 μg mL −1 of chloramphenicol.
Growth curve analysis
Vibrio vulnificus was grown overnight in LB broth with shaking at 37
• C. The overnight cultures were diluted 1/100 in fresh LB broth. The starting optical density at 600 nm (OD 600 ) of the cultures was routinely adjusted to between 0.02 and 0.04. The cultures were grown with shaking at 170 rpm at 37 • C for 10 or 16 h.
During this cultivation, aliquots of culture were taken every 2 h and measured at OD 600 . Anaerobic cultures were grown with shaking at 170 rpm at 37
• C in flasks (bottles) containing 5 mL of the broth closed by a rubber stopper. The flasks were put into an airtight container with AnaeroPack-Kenki (Mitsubishi Gas Chemical Company) for 2 days to equilibrate the broth in the anaerobic condition. LB broth, M9 broth supplemented with 0.05% yeast extract, or M9 broth supplemented with 0.05% yeast extract and 50 mM glucose were used for the cultivation. To confirm the anaerobic condition, an additional flask containing of 5 mL of broth with 0.1 mg mL −1 Resazrin, an oxidation-reduction indicator, was used. The aerobic and anaerobic cultures were treated in the same way except for the supply of oxygen in this analysis.
In vivo growth competition assay
The animal experimentation protocol was approved by the of WT and another mutant) and placed back in the peritoneal cavity. After 10 h, mice were euthanized by sevoflurane (Wako Pure Chemical Industries, Tokyo, Japan). The intestinal loop and liver of these mice were collected and homogenized. The homogenates were centrifuged (800 × g, 5 min), and supernatants were plated onto LB agar plates containing 50 μg mL −1 of Rifampicin (Rif), or LB agar plates containing 50 μg mL −1 of Rif and Erythromycin (Em). After aerobic incubation at 37
• C for 24 h, competitive indices were calculated ((CFU of mutant/CFU of WT present in initial mixture)/(CFU of mutant/CFU of WT recovered from tissue)).
Statistical analysis
All data were tested for significant differences using the Kruskal-Wallis test, followed by a Scheffe's test. All statistical analyses were performed using the GraphPad Prism 6 program.
RESULTS
FNR deletion resulted in a growth delay under anaerobic conditions in vitro
To clarify whether or not the FNR protein is necessary for proliferation of V. vulnificus under anaerobic conditions, we generated an fnr gene deletion mutant (fnr::erm mutant) in which the fnr gene was replaced by erythromycin resistance gene (erm), and an fnr gene complementation strain (fnr::erm pfnr mutant). When we compared the growth curves, the WT and fnr::erm pfnr mutant showed a typical growth curve with a log phase (0−2 h), followed by a plateaued stationary phase (2-10 h) under anaerobic conditions. On the other hand, the fnr::erm mutant initially grew slowly and remained in the log phase for 6 h (Fig. 1 ). There were no changes in the growth curves of all strains under aerobic conditions (Fig. 1) . It has been reported that capsule production of V. vulnificus is significantly down regulated in anaerobic conditions, and that Comparison of the growth of WT with mutants in anaerobic and aerobic conditions. WT and mutants were cultured overnight in LB broth. The starting optical density at 600 nm (OD600) of the cultures was adjusted to between 0.02 and 0.04. Samples were shaken at 170 rpm at 37
• C for 10 h aerobically or anaerobically. OD600 was measured every 2 h. Data are mean ± SD from three independent experiments done in triplicates. Statistical significance was determined by the Kruskal-Wallis test, followed by a Scheffe's test. * * P < 0.01. cells are translucent in the media (Phippen and Oliver 2015) . This finding raises the possibility that the value of OD 600 after anaerobic incubation does not reflect the exact number of bacteria, since capsules affect the turbidity of cultures. Therefore, we determined the number of CFU by spreading the serial dilutions of the bacterial culture onto LB agar plates after 2 and 6 h of anaerobic incubation. As a result, the CFU for WT, fnr::erm mutant and fnr::erm pfnr mutant were (mean ± SD; ×10 7 CFU mL −1 )
6.02 ± 1.25, 2.25 ± 1.45 and 8.20 ± 1.34 after 2 h incubation, respectively, and 25.01 ± 5.33, 28.14 ± 4.04 and 27.59 ± 3.58 after 6 h incubation, respectively. The fnr::erm mutant showed a significantly lower number of CFU than WT or fnr::erm pfnr mutant (P < 0.05) after 2 h incubation, but not after 6 h incubation.
Addition of glucose reduced the growth of fnr::erm mutant in M9 broth
We investigated whether V. vulnificus utilizes glucose under anaerobic conditions, and whether the utilization of glucose is • C for 16 h under anaerobic conditions. OD600 was measured every 2 h. Data are mean ± SD from two independent experiments done in triplicates. Statistical significance was determined by the Kruskal-Wallis test, followed by a Scheffe's test. * P < 0.05. dependent on FNR or not. The growth of V. vulnificus WT and mutants was examined in M9 broth supplemented with 0.05% yeast extract and 50 mM glucose. Culture turbidity was similar in all strains after anaerobic incubations in the M9 broth supplemented with 0.05% yeast extract without glucose. On the other hand, the culture turbidity of the fnr::erm mutant was less than that of WT after 8-16 h of incubation in the M9 broth supplemented with 0.05% yeast extract with 50 mM glucose (Fig. 2) .
FNR is required for colonization of V. vulnificus in the intestine
To directly assess the importance of the FNR in the mouse intestine, we performed an in vivo growth competition assay (McDonald et al. 2016) . The competitive indices in the intestinal tract and liver were analyzed after administration of the bacterial mix- A bacterial mixture containing 1.0 × 10 8 CFU of each strain was inoculated into ligated intestinal loop of mice. After 10 h, the intestinal loop and liver of these mice were collected and homogenized. The homogenates were centrifuged (800 × g, 5 min), and supernatants were plated onto LB Rif, or LB Rif-Em plates. A competitive index 'under 1' means a WT competitive advantage whereas 'over 1' means a mutant advantage. Lines denote the mean ± SD of the competitive indices from two independent experiments done in duplicates with two mice or triplicates with three mice per mutant. Statistical significance was determined by the Kruskal-Wallis test, followed by a Scheffe's test. * P < 0.05.
ture into the intestinal loop of mice. The competitive indices of the fnr::erm mutant to WT were 0.378 ± 0.192 (mean ± SD) and 0.243 ± 0.123 in the intestinal loop and liver, respectively, while the competitive indices of other combinations were about 1.0 both in the intestine and the liver (Fig. 3) . Moreover, the number of V. vulnificus detected in the liver was always lower than in the intestine in the in vivo growth competition assay (Table 2) . We calculated the competitive indices by using anaerobically incubated plates to rule out the possibility that the competitive disadvantage of the fnr::erm mutant was due to additional oxidative stress to the fnr::erm mutant grown in the intestinal loop. In brief, homogenized samples of intestinal loop, which had been inoculated with 10 8 CFU of WT and another mutant 10 h earlier, were plated onto LB Rif 50 μg mL −1 plates or LB Rif and Em 50 μg mL −1 plates. These plates were incubated aerobically or anaerobically. We found that the competitive indices showed similar values in both the aerobically and anaerobically incubated plates (data not shown).
DISCUSSION
Elucidation of the adaptation mechanisms of V. vulnificus from the natural environment to the in vivo environment in the early phase of infection is important for preventing severe infection. We previously reported that significantly higher numbers of V. vulnificus were detected in the intestines of the dead mice than in the intestines of surviving mice after the orogastric challenge of V. vulnificus (Kashimoto et al. 2015) . In mouse intestine, V. vulnificus increased the gene expression of the nitrate reductase component NapD (Kim et al. 2013) . It seems that V. vulnificus changes its gene expression when exposed to a low oxygen environment in the intestine. The fnr::erm mutant exhibited a substantial log phase of 6 h compared to the WT under anaerobic conditions in vitro (Fig. 1) . After incubation at 2 h, the number of colonies of the fnr::erm mutant was significantly lower than in WT, but not at 6 h. In addition, the fnr::erm mutant was outcompeted by WT in the intestinal loop (Fig. 3) . These data suggested that FNR affected the proliferation of V. vulnificus in an anaerobic environment such as Table 2 . Number of detected bacteria (CFU/g) from the intestine and the liver in the in vivo competition assay. It is known that V. vulnificus utilizes glucose as a carbon source (Baumann, Furniss and Lee 1984) . We investigated whether the glucose utilization of V. vulnificus is dependent on FNR or not under anaerobic conditions and found that the growth rate of the fnr::erm mutant was reduced in the M9 containing 0.05% yeast extract and 50 mM glucose broth after 8-16 h of incubation (Fig. 2) . This result suggested that glucose is one of the carbon sources for V. vulnificus in anaerobic growth and that FNR of V. vulnificus might positively regulate the gene expressions related to glucose utilization in an anaerobic environment.
The competitive indices of fnr::erm mutant to WT were 0.378 ± 0.096 in the intestinal loop (Fig. 3 ) and the number of fnr::erm mutant bacteria detected was lower than that of WT (Table 2) . These data showed that FNR is necessary for the colonization of V. vulnificus in the intestine. Additionally, the competitive indices of fnr::erm mutant vs. WT did not change in either the intestine or the liver (Fig. 3) suggesting the possibility that the population of WT and mutant in the liver directly reflects the population in the intestine. These findings led us to speculate that FNR is important for the proliferation of V. vulnificus in the intestine to achieve a critical mass to be able to invade.
In this study, we revealed that FNR contributes to the colonization of V. vulnificus in the intestine. Together with our previous finding that the proliferation of V. vulnificus in the intestine is the initial critical event leading to lethal sepsis in oral infection (Kashimoto et al. 2015) , the present findings have important implications for understanding the mechanism of systemic dissemination of V. vulnificus in oral infection.
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